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. Introduction
The Mid-Norwegian continental margin consists of three main segments, the More basin, the Voring plateau and the Lofoten basin, divided by the Jan Mayen fracture zone and the Lofoten fracture zone (Figs. 1 and 2) . The More and Lofoten basins are oceanic basins with water depths of about 3,000m. The Voring plateua, which is located between the two basins, represents a topographical high with 1,000-2,000m water depth.
The Mid-Norwegian margin is a volcanic passive continental margin, which was formed by continental rifting and sea-floor spreading processes associated with an intensive volcanism along the margin (e.g., Coffin and Eldholm, 1994) . Generally, in a passive continental margin the whole process of crustal formation is retained in the crustal structure from the continent to the oceanic basin. Therefore, the Norwegian continental margin is a good "laboratory" to investigate continental rifting, break-up and the sea-floor spreading processes.
During the last three decades, the Mid-Norwegian continental margin has been studied relatively well by seismic surveys (e.g., Sellevoll, 1983; Mutter et al., 1988; Olafsson et al., 1992; Mjelde et al., 1992; Goldschmidt-Rokita et al., 1994; Kodaira et al., 1995) , gravity and magnetic surveys (e.g., Dehghani et al., 1988; Mokhtari et al., 1989) , and sea-floor drilling (e.g., Eldholm et al., 1987 Eldholm et al., , 1989 Talwani and Udinstsev, 1989) . Consequently, the margin has become one of the most well known passive continental margins in the world. The detailed deep crustal structure, however, has not been clarified by the seismic reflection and expanding spread profile (ESP) studies, mainly because of the presence of thick sedimentary layers and important flood basalts (Mjelde et al., 1992) .
Two successive Ocean Bottom Seismographic (OBS) studies were performed at the Lofoten continental margin in the summer of 1988 by the universities of Bergen, Hamburg, Hokkaido, and Tokyo. The main results of the experiments have been presented by Mjelde et al. (1992 Mjelde et al. ( , 1993 , Goldschmidt-Rokita et al. (1994) and Kodaira et al. (1995) . In the present study, the crustal structure model obtained by the two experiments have been compiled in order to investigate the whole crustal transect from the Lofoten basin to the Lofoten shelf. Moreover, the crustal transect presented in this study have been compared with the structure across the Voring and More margins to discuss possible differences in the crustal evolution process along the entire margin.
Geological Background
Among the More, Voring, and Lofoten margins, the Voring margin is the most well studied area by means of seismic reflection studies, ESP studies and sea-floor drilling. The Voring margin is located immediately south of the Lofoten margin, therefore the evolution history of the Voring margin is postulated to be a good reference to investigate the evolution of the Lofoten margin (e.g., Mjelde et al., 1992) . In this section, the general evolution history of the Voring margin is described briefly by referring to previous studies.
Since Devonian time (400Ma) a number of extensional episodes have been documented: late Carboniferous-early Permian (300-270Ma) regional rifting, mid-to late Triassic (230-210Ma) block faulting and late growth faulting with detachment in Triassic evaporates (Surlyk et al., 1984; Larsen et al., 1984) . The late Jurassic-early Cretaceous (150-90Ma) extension lead to major faulting activity, generally creating slightly rotated fault blocks and causing subsequent subsidence along major rift systems (Ronnevik et al., 1983; Boen et al., 1984; Hinz et al., 1984; Mutter, 1984; Skogseid and Eldholm, 1989) . The early Cenozoic extension episode lasted about 10 Ma, and ended in the earliest Eocene (58Ma) with extrusive volcanism forming landward floor basalts (Eldholm et al., 1989) . It is commonly accepted that Cenozoic sea-floor spreading in the Norwegian margin was initiated in the period 58.5-56Ma (Eldholm et al., 1990) . The seaward dipping reflectors (SDR) observed in the upper crust along the Norwegian margin, are formed during the earliest stage of the sea-floor spreading (e.g., Skogseid and Eldholm, 1989) . ODP leg 104 drilled through the upper sequence of the SDR, and the core samples confirmed that the SDR represent interbedded mid-oceanic type theoleitic lava flows and pyroclastic sediments (Eldholm et al., 1989) . The subsequent sea-floor spreading along the Vining margin as well as the Lofoten margin proceeds rather simply with oceanic crust generated symmetrically along the Mohns ridge (Fig. 1 ). In the More margin, however, the sea-floor spreading process seems to be more complicated with an extinct ridge and a fragment of continental crust recognized between the Kolbeinsey ridge and the More basin (Eldholm et al., 1990 ). The evolution history described above was reconstructed mainly by use of information about the shallow crustal structure. In this study, we present a 500-km-long deep crustal transect across the Lofoten margin, and discuss the crustal deformation, thinning and sea-floor spreading process by use of information from the complete crustal structure.
Data Acquisition and Modelling Procedure
The profile locations of the two OBS-experiments performed in 1988 are shown in Fig. 2 . The profiles indicated with solid lines were modelled by Goldschmidt-Rokita et al. (1994) and Kodaira et al. (1995) , and the profiles indicated with shaded lines were Lofoten. Solid lines and shaded lines are profiles investigated by GoldschmidtRokita et al. (1994) and Kodaira et al. (1995 ), and Mjelde et al. (1992 , 1993 phases are also explained well; i.e., both the observed Moho reflection and calculated PmP phase show high amplitude further than 35km offsets. As discussed in detail by Kodaira et al. (1995) , the high velocity layer (>7.3km/s) at the base of the crust is necessary to explain the observed amplitude variation with offsets of the Moho reflections. In order to construct the whole crustal transect from the Lofoten shelf to the Lofoten margin, this study compiles the crustal model of L1, L4, and P2 obtained by Mjelde et al. (1992 Mjelde et al. ( , 1993 and Kodaira et al. (1995) , respectively. The transect presented by this study allows us to consider the whole nature of the crust and the evolution of the Lofoten margin. Figure 5 shows the crustal models obtained by Mjelde et al. (1992) and Kodaira et al. (1995) , parallel to the geological units. Due to the overlapping of P1 and L9 and to the similar structure of L7 and L8, the models of L9 and L7 are not shown in the figure. Figure 6 shows the crustal transect from the Lofoten basin to the Lofoten , 1988) . O/CT, ocean/continent transition zone; LB, Lofoten basin; SDR, seaward dipping reflectors; VPE, Wiring plateau escarpment; RH, Rost high; LR, Lofoten ridge; OL-2, oceanic layer 2; OL-3A, oceanic layer 3A; OL-3B, oceanic layer 3B.
Crustal Structure
Islands as well as the magnetic anomaly along P2 (Dehghani et al., 1988) . As indicated in Fig. 6 , the crustal structure can be divided into four parts; i.e., the oceanic crust, the oceanic crust with a thick lower crust, the ocean/continent transition and the thinned continental crust.
Oceanic crust
By using the OBS data from the northern half of P2 (Kodaira et al., 1995 ) obtained the crustal model consisting of sedimentary layers, upper crust (4.9-5.5km/s), middle crust (6.3-6.9km/s), and lower crust (7.0km/s) with a total thickness of 7km, in the area between magnetic anomalies 19 and 21 (Fig. 6) . The velocities and thicknesses are similar to those of typical Northern Atlantic oceanic crust (e.g., Ewing and Houtz, 1979; Eldholm and Grue, 1994) ; i.e., the upper, middle, and lower crust correspond to oceanic layers 2, 3A, and 3B, respectively. These oceanic layers are interpreted geologically as 1) layer 2 is formed by extrusive basalts and intrusive dikes generated at the ridge axis, and 2) layer 3 is predominated by metamorphosed gabbros formed within a magma chamber beneath the ridge. layers on the shelf were interpreted as pre-Cretaceous sediments (the 5.1km/s layer), early Cretaceous sediments in the shallower part (4.0 km/s), and middle and upper Cretaceous (2.1 and 3.7km/s) (Mokhtari et al., 1987; Mjelde et al., 1993) . If this part had been affected by thinning processes after Cretaceous, the subsidence would have progressed and a thick Tertiary sedimentary layer would have been found in this part. Mjelde et al. (1993) , however, showed that there exists a very restricted amount of Tertiary sediments in this part. Therefore, we can refer to this part as a "frozen area," which means that the area has not been subject to important deformation after Cretaceous. Mokhtari et al. (1987) and Mjelde et al. (1993) also presented the geological interpretation of this area, which showed the existence of faults cutting through the upper and middle crust causing rotated fault blocks before Cretaceous. As shown in Fig. 7 , the model indicates significant lateral thickness variation of the lower crust. Mjelde et al. (1993) related this to ductile properties of the lower crust, combined with large-scale extension tectonics. The significant shallowing of the Moho beneath the Lofoten Islands, as well as the bright sub-Moho reflector, can be explained by inferring large master-faults penetrating through the whole crust (Mjelde et al., 1993 (Mjelde et al., , 1994 . In order to explain the high amplitude of the sub-Moho reflection, Mjelde et al. (1993) also proposed the presence of layers of partially hydrated peridotite which might be formed along the large master fault down to the uppermost mantle. If the sub-Moho reflector is formed as proposed by them, a large crustal deformation as well as faulting in the uppermost mantle probably have occurred during the continental thinning phase.
Rifting phase (Paleocene-early Eocene)
As described in the previous section, the crustal structure between the Rost high and the SDR represents an extremely thinned continental crust and the ocean/continent transition zone. This structure is interpreted to be formed by continental rifting involving magmatic processes in early Tertiary (Fig. 7(b) ). The structure in this area must have been formed between the period of the continental thinning phase (pre-Tertiary) and the initial stage of the sea-floor spreading at the Lofoten margin (58 Ma). Moreover, the landward flood basalts, which might be created by the magmatic activity during the rifting phase, are situated stratigraphically between the Cretaceous sediments and thick Tertiary sediments (Mokhtari et al., 1987; Mjelde et al., 1993) . Therefore, we conclude that the structure of this part was created in early Tertiary. If the thickness of the crust beneath the Rost high (24km) is taken as representative of the original continental crust before rifting, the early Tertiary stretching factor is estimated to be almost 3. Kodaira et al. (1995) observed several reflection phases from the lower crust between the SDR and VPE, and interpreted these reflection phases to be generated by low-and-high velocity lamina structure. In order to explain these reflection phases and the lateral velocity change in the lower crust (from 6.8 to 7.0km/s), Mjelde et al. (1994) proposed a model with intrusions of oceanic crustal material into the continental lower crust in the ocean/continent transition zone. Due to the existence of the landward flood basalt and lower crustal reflectors, we suggest that an extensive extrusive/intrusive magmatic activity through the whole crust progressed during the early Tertiary continental rifting phase.
Sea-floor spreading under hot spot effect
The crust shown in Fig. 7 (c) was generated until the age corresponding to magnetic anomaly 21. Kodaira et al. (1995) concluded that the crust in this area was affected by the Iceland hot spot because of the distribution of the high velocity material, which are suggested to be generated by up-welling of hotter asthenosphere material (White and McKenzie, 1989) , along the Lofoten-Voring margin. Kodaira et al. (1996) also concluded from the VP/VS structure of the Lofoten margin that the high velocity layer consists of Mafic gneisses rocks. The Mafic gneisses rocks are in good agreement with the material predicted by White and McKenzie (1989) . The distribution of the thick lower crust suggests that the effect of the hot spot was significant from the latest rifting phases to magnetic anomaly 21. Several studies have discussed a non-hot spot origin of the high velocity layer observed along passive continental margins (e.g., Mutter et al., 1988; Pinheiro et al., 1992; Chian and Louden, 1994) . Mutter et al. (1988) proposed a convective partial melting in order to explain the high velocity layer in the Voring margin. However, their model can not explain well the lateral variations of the volume of high velocity material along the Lofoten-Voring margin, where the continental rifting and oceanic spreading progressed as one unit situated between the East Jan Mayen fracture zone and the Senja fracture zone. Chian and Louden (1994) concluded that the high velocity material in the southwest Greenland margin consists of partially serpentinized material. The observed VP versus VS relation of the high velocity layer in the Lofoten margin clearly indicates separation from their VP-VS results, but an overlap with the VP-VS relation of Mafic gneisses rocks (Kodaira et al., 1996) . Therefore, the partially serpentinized model can not explain the data obtained in the Lofoten margin. In order to explain the structure of the high velocity layer clarified by this study, we believe that the hot spot model is the most appropriate model among the models of the origin of high velocity materials.
Comparison with the crustal structures across the Voring and More margin
The crustal structures across the Lofoten, Voring and More margins are compared in Fig. 8 . The crustal models of the Voring and More margins were obtained by Mutter et al. (1988) and Olafsson et al. (1992) , respectively. The area of flood basalts, SDR and lower crustal high velocity layers in Fig. 8 (b) and (c) were compiled by Eldholm and Grue (1994) As shown in Fig. 8 , the total volume of extruded materials, which are the SDR and the landward flood basalts, represent similar volume at the three margins. A significant difference, however, can be seen in the lower crust. There is a much larger volume of the lower crustal high velocity material beneath the Voring and More basins than beneath the Lofoten margin. In the More basin, the high velocity layer was defined by Eldholm and Grue (1994) as the material with velocity of higher than 7.1km/s. As described by Kodaira et al. (1995) in the Lofoten margin, the boundary between the 7.3km/s layer and the 7.0-7.1km/s layer is not clear. Therefore the lower part of the lower crust (7.0-7.1km/s layer) might be included in the high velocity layer in Lofoten. However, even if as much as the lower half of the lower crust could be included in the high velocity layer, the volume of the high velocity layer is significantly smaller in the Lofoten basin than at the Voring and More margins. The landward extension of the high velocity layer also represents a remarkable difference between the Lofoten margin and the Wring and More margin. In the Lofoten margin, the high velocity layer pinches out at the VPE, while in the Wring and More margin the high velocity layer is extended beneath the thinned continental crust. On the basis of the hot spot hypothesis by White and McKenzie (1989) , we believe that the difference of the volume of the high velocity material along the Norwegian margin (Fig. 8) can be interpreted in terms of a NE-ward decrease in the influence of the hot spot. The discussion above is mainly qualitative. One reason why we avoid quantitative discussion at present is the difference in spatial resolution between the OBS study and the ESP studies. The structure of the Voring and More margins was obtained by ESP studies with more than 50-km separation of profiles. It is then difficult to investigate the landward limits of the high velocity material in these margins. Therefore, quantitative comparisons have not been done in this study. Another problem concerning quantitative discussion of the magmatic material, is that it is difficult to estimate the exact volume of the intruded material into the continental lower crust. As described by Kodaira et al. (1995) , the OBS data show several reflection phases from the lower crust, indicating the presence of the intrusion in the lower crust, but the exact geometry of each intrusion can not be resolved. However, it must be strongly emphasized that the crustal transect from the continent to the oceanic basin obtained in this study, clearly indicates a smaller volume of lower crustal high velocity material in the Lofoten margin than in the Wiring and More margins.
Conclusions
This study presents a 500-km-long crustal transect across the Lofoten volcanic passive continental margin obtained by compiling the results of the two OBS experiments in 1988.
The crustal model indicates the presence of a thinned continental crust, ocean/ continent transition zone, oceanic crust with thick lower crust and normal oceanic crust from the Lofoten shelf to the Lofoten basin. The thinned continental crust at the landward side of the Rost high is characterized by thick pre-Cretaceous and Cretaceous sedimentary basins, heavily faulted upper crust, as well as significant lateral thickness variations of the lower crust. This structure is interpreted to be formed by a continental thinning process before Tertiary and has been preserved after Cretaceous. The sub-Moho reflector beneath the Lofoten ridge indicates the possibility of large crustal and uppermost mantle deformation during the continental thinning process. The crust between the Rost high and the SDR represents thinned continental crust and the ocean/continent transition. This structure is interpreted to be formed by an early Tertiary continental rifting phase. The seaward velocity increase is interpreted as a result of heavy intrusions of oceanic material into the continental lower crust. The lower crustal intrusions, as well as the landward flood basalts observed in this area, indicate extensive magmatic activity through the whole crust during the continental rifting phase. The crust on the oceanic side of the SDR shows the characteristics of oceanic crust, but with anomalously thick lower crust and a high velocity body at the bottom of the crust. This is interpreted to be caused by up-welling of hot asthenospheric material due to the Iceland hot spot. The distribution of the thick lower crust suggests that the effect of 
